This paper provides an overview of the authors' previous work in formulating a comprehensive approach to the important problem of water distribution network renewal planning, with a particular emphasis on the computing aspects involved. As pipes in a water distribution network age in service, they are characterized by increased frequency of breakage and decreased hydraulic capacity. The resulting service failures incur utility costs for the repair or rehabilitation of the pipe systems and consumer costs for degraded system performance. The challenge to the decision maker is to determine the most cost-effective plan in terms of what pipes in the network to rehabilitate, by which rehabilitation alternative and at what time in the planning horizon, subject to the constraints of service requirements (system reliability, service pressure, etc.) A dynamic programming approach, combined with partial and implicit enumeration schemes, was used to search the vast combinatorial solution space that this problem presents. A computer program was written to implement these concepts. A hydraulic network solver is used by the program to assure the network conformance to hydraulic constraints during the search for a solution. The outcome is a strategy that identifies, for each pipe in the network, the optimal rehabilitation/renewal alternative and its optimal time of implementation. The significance of this method is in its ability to identify an optimal rehabilitation strategy while considering the deterioration of both structural integrity and hydraulic capacity of the entire network. The best current heuristic method is limited in practical studies to a network of up to 15-20 pipe links. A more efficient heuristic method is required for implementing these principles in a larger-scale water distribution system and is the subject of current research.
Introduction
Water supply systems are the lifeline of urban and rural communities. The water distribution network, which is typically the most expensive component of a water supply system, is continuously subject to environmental and operational stresses which lead to its deterioration. Increased operation and maintenance costs, water losses, reduction in the quality of service and reduction in the quality of water are typical outcomes of this deterioration. A recent USEPA survey estimated the cost requirements for upgrading water distribution and transmission systems in the United States at US $77 billion over the next 20 years (Davies et al., 1997) . In Canada, CWWA (Canadian Water and Wastewater Association) estimates that CAN $11.5 billion will be required for watermain upgrading over the next 15 years (CWWA, 1997).
There is little doubt that costs of such magnitude warrant careful planning and great diligence in considering all the alternative courses of action, while addressing the issues of safety, reliability, quality and efficiency in water supply. The state of practice in the long-term planning of water main renewal is still evolving. Although an all-encompassing, quantitative decision model is yet to be developed, the approach described in this paper considers the structural and hydraulic state of the network, while providing a framework for the future inclusion of other considerations (reliability, water quality) as well.
Pipe Deterioration and failure. The deterioration of pipes may be classified into structural deterioration which diminishes their structural resiliency and their ability to withstand various types of stress, and internal deterioration resulting in diminishing hydraulic capacity, degradation of water quality and even diminishing structural resiliency in cases of severe internal corrosion. Structural deterioration mechanisms are affected by many factors, including the type of pipe, its surrounding environment and its operational conditions. The deterioration processes as well as pipe structural failure modes are therefore very complex and difficult to model. Although significant work has been done in modeling the physical process of pipe deterioration and failure (e.g., Doleac et al., 1980; Bahmanyer and Edil, 1983; Kumar et al., 1984; Ahamed and Melchers, 1994; Rajani et al., 1996; and others) , the complex processes, lack of pertinent data and highly variable environmental conditions posed severe challenges to these research efforts and a comprehensive model is yet to be developed. Consequently, much effort has been dedicated to using statistical methods for explaining and predicting pipe breakage rates. Some of these effects are discussed in the following.
Statistical methods to predict water main breaks. Shamir and Howard (1979) , Walski and Pelliccia (1982) and Clark et al. (1982) observed exponential increases in watermain breakage rates over time (the latter also observed a time lag between main installation and first breakage). Kettler and Goulter (1985) observed a linear relationship between pipe breaks and age. Andreou et al. (1987) proposed a "proportional hazards" model to predict failure probabilities of pipes in the early stages of deterioration and a Poisson-type model for the later stages of pipe deterioration. Goulter and Kazemi (1988) and Goulter et al. (1993) observed temporal and spatial clustering of water main failures, which they modeled by a non-homogeneous Poisson distribution. Constantine and Darroch (1993) and Constantine et al. (1996) proposed a time-dependent Poisson distribution, in which the cumulative number of breaks in the pipe is a power function of the pipe age. Herz (1996) developed a new probability distribution function to be applied in a cohort survival model to an entire stock of pipes in a distribution system. Deb et al. (1998) applied the Herz (1996) model to several distribution systems.
Water Distribution Network Rehabilitation. Since the performance of the distribution system depends on the performance of every single pipe, the decision on pipe rehabilitation or renewal should consider the individual pipe in the context of the network performance. Several models have been developed for this purpose. Woodburn et al. (1987) combined a nonlinear programming procedure with a hydraulic simulation program in a model designed to determine which pipes should be replaced, rehabilitated or left alone in order to minimize cost. Su and Mays (1988) introduced some probabilistic considerations to the Woodburn et al. model. Male et al. (1990) addressed the structural deterioration of watermains over time but did not consider the hydraulic capacity of the distribution system. Kim and Mays (1994) proposed a branch and bound scheme to improve the Su and Mays (1988) model. Arulraj and Suresh (1995) introduced the concept of significance index (SI) which is an optimality criterion that can be applied heuristically to prioritize pipe rehabilitation. Schneiter et al. (1996) introduced the capacity reliability concept, which is the probability that the carrying capacity of a network meets the flow demand.
The time dimension is a crucial aspect of an effective pipe rehabilitation strategy because of ongoing (and often independent) deterioration mechanisms that affect pipe structural integrity and hydraulic capacity. For instance, hydraulic analysis of a water distribution system may show that the hydraulic capacity of a pipe should be improved, and relining the pipe may be found to be the least cost solution. However, if deterioration in the structural integrity of the pipe is considered, it may be economical to replace this pipe in say, five or ten years due to the costs associated with high breakage frequency. Thus, it may be more economical to replace the pipe at the appropriate time in the future while in the meantime the hydraulic capacity of the network is improved by rehabilitating another pipe. This scenario may be further complicated if a future increase in demand is expected, in which case it may be more economical to replace the pipe with a larger diameter pipe in the future. Kleiner et al. (1998a Kleiner et al. ( , 1998b proposed an approach in which the network economics and hydraulic capacity is analyzed simultaneously over a pre-defined analysis period, while explicitly considering the deterioration over time of both the structural integrity and the hydraulic capacity of every pipe in the system. A brief description of this approach is provided here with a special emphasis on the computer program created for the application of this approach, including description of the data structure, program flow chart and speed of execution. Comments are provided about the application of the approach to large systems.
Life-cycle of a Single Pipe
Pipe replacement. In a water distribution network with p pipes (links) and n nodes, every pipe in the network may be rehabilitated by one of R rehabilitation alternatives which may be implemented any number of times, at any year from the present to planning horizon H. Pipe relining is considered as a hydraulic capacity improvement measure, while pipe replacement (with the same or a larger diameter pipe) improves both the structural integrity and hydraulic capacity of the link. If an exponential increase in pipe breakage rate is assumed, after Shamir and Howard (1979) , and the pipe is replaced at year T, with replacement alternative j, then the present value of all the costs associated with the pipe from the present to year T is denoted by
where C b i = cost of a single breakage repair in existing pipe i ($) C r ij = the cost to replace pipe i with replacement alternative j ($/km)
T ij = the year at which pipe i is replaced with replacement alternative j L i = length of pipe i (km) N(t) i = number of breaks per unit length per year in existing pipe i (km -1 year -1 ) (t) i at the year of installation of pipe i (i.e., when the pipe is new)
A i = coefficient of breakage rate growth in existing pipe i (year -1 ) g i = age (years) of existing pipe i at present r = equivalent continuous discount rate After the pipe is initially replaced at time T f , (see Figure 1 ), the new pipe will have a low breakage rate, which will grow as this replacement pipe ages until it too is replaced, and so on in perpetuity.
Assuming that all future replacement cycles are identical with duration T c , as is illustrated in Figure 1 , it can be shown that the total cost of all replacement cycles of the pipe to infinity, discounted to the time of first replacement, is given by 
Equating to zero the derivative of (3) Pipe Relining. As previously mentioned, pipe relining assumes no structural improvement in the pipe, thus it may be economically feasible to reline a pipe whose hydraulic capacity deteriorates much faster than its structural integrity. As the maintenance costs of a relined pipe are assumed to continue rising with age, it is further assumed that the relined pipe will have to be replaced at some future time. Consequently, if the hydraulic capacity of a pipe needs to be improved well before this time in the future, relining should be considered as a feasible alternative. The schematic in Figure 3 is used to illustrate this concept.
As a first approximation, it is assumed that if a pipe is relined it will subsequently be replaced by the same diameter pipe at time T * and after that every T ** in perpetuity to infinity. Thus, if the hydraulic capacity of a pipe displays early deterioration and that the hydraulic capacity of the network must be improved no later than time T 1 , the relining alternative is compared with an early replacement with same diameter pipe alternative, which hydraulically is roughly equivalent to relining. An early replacement would incur an additional cost ∆cost replace above the cost of replacement at T * , whereas relining at time T 1 would incur an additional cost equal to the capital investment for relining CAP reline . Subsequently, if ∆cost replace > CAP reline , then the reline alternative is chosen and vise versa.
Consequently, the total cost of the reline alternative is
where j is the relining alternative (j∈R) and k denotes the alternative of replacement with the same diameter pipe (k∈R).
Deterioration of Pipe Hydraulic Capacity
The head loss h (m) in any pipe i is calculated (following the Hazen-Williams equation) by 
where
The conductivity coefficient deteriorates with the age of the system. The rate of deterioration will vary according to the type of pipe, the quality of supply water and operation and maintenance practices. Sharp and Walski (1988) proposed a C HW deterioration model, depicted in equation (7), for an existing pipe i before rehabilitation (replacement or relining). When applying the model to a rehabilitated pipe, index i is substituted with index ij to reflect the appropriate rehabilitation alternative, and t should be greater than T ij .
where e 0 i = initial roughness in pipe i at the time of installation when it was new (m)
C i HW (t) = Hazen Williams hydraulic conductivity coefficient in pipe i t = time elapsed from present time to future periods (t < T ij ) (years)
a i = roughness growth rate in pipe i (m/yr) g i = age of pipe i at the present time (time of analysis) (years)
The method described here is not restricted to any one hydraulic deterioration model and, should a more suitable equation for predicting C HW be developed, it could easily be accommodated.
Complete Problem Statement
Equation (8) provides the formal mathematical statement of the problem described to this point. The objective function is to minimize the total discounted costs associated with rehabilitation (initial relining and subsequent replacement cycles to infinity or initial replacement and subsequent replacement cycles to infinity) and breakage repair for all the pipes in the distribution system. The ) from T ij to infinity.
Simultaneous Consideration of Economics and Hydraulics
The deterioration in the hydraulic capacity of pipes results in a reduction of the supply pressure, and the deterioration of the structural integrity causes increased breakage rates which result in increased pipe maintenance costs. The principles of jointly considering the network hydraulics and the individual pipe economics to determine the timing and sequencing of rehabilitation projects are best explained with the aid of a simple example. Figure 4 illustrates a two-pipe water distribution system with one source node and one demand node. Assuming constant demand and supply pressure at the source node, the residual pressure at the demand node depends only on the hydraulic capacity of the "distribution network". Since the hydraulic capacity of the pipes diminishes over time, so does the residual pressure at the demand node. At some point in time, the diminished hydraulic capacity of the system will have to be increased to avoid the residual pressure at the demand node dropping below P min , which is the minimum residual pressure required at the demand node to maintain adequate service. This can be achieved by (1) relining one or both pipes, (2) replacing one or both pipes with a new pipe of the same diameter, or (3) replace one or both pipes with larger diameter pipes. If the goal is to maintain adequate pressure at the demand node during a planning period of, say, 30 years, it may be necessary to implement rehabilitation projects for both pipes (possibly even more than once), depending on the deterioration rates of both the existing pipes and the rehabilitated pipes. This process is graphically illustrated in Figure 5 . It should be emphasized that the hydraulic behavior of the network is determined simultaneously by all pipes and the interactions among them, because any change in the hydraulic properties of any pipe in the network causes a redistribution of flows in all pipes in the network.
Within the hydraulic framework described above, the actual timing of the rehabilitation project is determined using economic considerations as well. The total cost of a pipe comprises (a) the maintenance costs of the existing pipe until it is initially rehabilitated (including possible pipe relining), (b) the cost of the first replacement, and (c) the costs of maintenance and replacement in 2) Suppose that pipe 1 is rehabilitated at time T1. The system's hydraulic performance is improved.
3) System performance after implementing one rehabilitation project. The TMP after implementing the first rehabilitation project is T1+∆T1 (represents the latest time allowed to implement the next project).
4) Suppose that pipe 2 is rehabilitated at time T2. The system's hydraulic performance is improved again.
5) System performance after implementing a second rehabilitation project. The TMP after implementing the second rehabilitation project is beyond the planning time horizon H. 6) Suppose that pipe 2 is rehabilitated at a later time, say T'2 instead of T2, then the resulting TMP is delayed until T'2+∆T'2 (which is later than T2+∆T2). Consequently it is desirable to delay a rehabilitation project as much as possible, because it enables postponement of subsequent rehabilitation projects if it is economical to do so.
replacement, and has a minimum cost point depicting a time at which, if the first replacement of a pipe is indeed implemented, the total cost of this pipe is minimized. and a larger diameter pipe), then each alternative has its own MCRT. Pipe relining is handled somewhat differently (when the pipe is initially relined, the relining cost is added to the total cost) as described later in this section. Consequently, in determining the timing of a replacement project there are two "motivations": (a) implement it as late as possible (without violating hydraulic integrity) in order to delay the TMP (time of minimum pressure) as much as possible, and (b) implement the replacement as close as possible to the pertinent MCRT in order to reduce cost. This is demonstrated in Figure 6 for the two pipe system. In this numerical example, the MCRT of replacement alternative 2 (year 20) happens to be later than the previous TMP (year 15). This is not always the case as other situations may exist (e.g., if the MCRT is in year 14 or earlier). Detailed rules on how to determine replacement timing, when the MCRT of the next replacement alternative happens to be before the previous TMP, are provided in Kleiner et al. (1998a) . The relining of a pipe is assumed to be hydraulically equivalent to replacing it with the same diameter pipe, although this is only an approximation. From a structural integrity viewpoint however, the relining alternative is different than replacement because it provides no reduction in breakage rate. It is consequently assumed that if a pipe is relined, it will eventually be replaced, and this time of (eventual) replacement is assumed to be the MCRT of the replacement with the same diameter alternative. From this point on, a series of replacement cycles to infinity is assumed. The details are discussed earlier and the total cost for this alternative is given in equation (5).
The approach described above was termed Procedure for Rehabilitation Analysis of Water Distribution Systems (PRAWDS). The use of an infinite series approach provides two distinct advantages. Firstly, each pipe in the network has a single, a priori determined cost curve for every rehabilitation alternative. This cost curve is independent of the planning horizon and thus does not require that the residual value of each pipe at the end of the planning horizon be quantified.
Secondly, this approach automatically considers the possibility of more that one replacement for each pipe when the planning horizon is long and pipe deterioration is rapid, which would otherwise dramatically increase the dimensionality of the problem.
1) Suppose that the initial TMP is year 15 (without implementing any rehabilitation measures).
2) Suppose further, that a replacement alternatives (say alternative 2) is considered for pipe 1, such that its MCRT is in year 20.
3) Considering the two "motivations" depicted earlier, the implementation timing that satisfies both simultaneously is year 15, since it is the latest possible implementation timing within the previous TMP, and at the same time it is the closest possible timing to the MCRT. 
Considering an Entire Water Distribution Network
The solution space to the cost minimization problem that is depicted by equation (8) is essentially a combinatorial space, which consists of all the combinations of pipes, rehabilitation alternatives and the sequencing thereof. In a network of p pipes, R rehabilitation alternatives and a planning horizon of H timesteps, the number of combinations is (R+1) pH , which is vast even for a very small system. Kleiner et al. (1998b) proposed a methodology termed multistage PRAWD (M-PRAWD) to find a global minimum in this combinatorial solution space. M-PRAWD is based on a dynamic programming approach combined with partial and (sometimes) implicit enumeration schemes. The principles of jointly considering the network hydraulics and the individual pipe economics to determine the timing and sequencing of rehabilitation projects were described in detail and can be summarized as follows:
(a) The network hydraulics determines the latest time to implement the next rehabilitation project. It is the time at which, due to the hydraulic deterioration of the pipes, the hydraulic capacity of the network becomes inadequate, as illustrated in Figure 5 .
(b) The individual pipe economics determines the actual timing of the next rehabilitation project within the upper boundary set by the network hydraulics, as illustrated in Figure 6 .
The heuristic process of systematically considering all possible sequences of rehabilitation alternatives is briefly described, using the two-pipe network in Figure 4 and the illustration in Figure 6 . The following terms are defined:
StageThe number of pipes that have been rehabilitated (e.g., stage 0 is the initial stage in which no pipe has yet been rehabilitated; stage 1 is the stage at which one pipe has been rehabilitated; etc.).
State -A unique sequence of rehabilitated pipes at a given stage (e.g., in the example above, possible states in stage 1 could be pipe 1 rehabilitated with alternative 1 at year 15; pipe 2 rehabilitated with alternative 2 at year 5; pipe 1 rehabilitated with alternative 2 at year 10; etc.). A state has three main attributes:
(a) the unique sequence of pipes it comprises, (b) the state cost, consisting of the costs (maintenance and rehabilitation) of all individual pipes in the sequence (c) the time of minimum pressure (TMP) resulting from the state, e.g., in the example, the state (in stage 1) comprising pipe 1 with rehabilitation alternative 2 at year 15, has a TMP equal to year 25, as is illustrated in Figure 6 .
Transition -adding a pipe to the states in one stage to generate states in the next stage.
Inferior state -if in a given stage there are two states that comprise the same pipes (yet with different rehabilitation schedules) in their sequences, and if one of these states has an earlier TMP yet a higher cost than the other, it is inferior to the other and can be discarded.
The flow chart in Figure 7 illustrates the conceptual procedure of systematically considering all the possible sequences of rehabilitation alternatives. After the minimum cost replacement timings (MCRTs, also denoted by T ij * for pipe i rehabilitated by alternative j) for all combinations of pipes and rehabilitation alternatives in the network are calculated, the procedure is initialized by determining the TMP at stage zero (which is the latest time allowed for implementing the next The transition process is repeated until all pipes are considered in the sequences. The last stage comprises states whose respective sequences consist of all pipes in the network. Among all the states whose TMP extends at least until the pre-defined time horizon, the one with the least cost is selected as the optimal sequence of rehabilitated pipes.
Computer program
A computer program was developed for implementing M-PRAWDS using the process shown in the flow-chart in Figure 7 . The network simulator used for calculating nodal residual pressures was EPANET by the US Environmental Protection Agency, (Rossman, 1993) , which was modified to run as a subroutine of the main program.
Since the number of states varies from stage to stage in a manner that cannot be predicted prior to run-time, the data were structure as 'doubly-linked lists', which can efficiently store data that dynamically expand and shrink during run-time. Thus, at every stage a list is created to store the states at this stage. Every link (state) in this list contains the necessary information that is relevant to the state, and information (pointers) about the location in memory of the previous link (state) and the next link, as is illustrated in Figure 8 . The relevant information of every state must also include the subset of pipes that have already been rehabilitated in the previous stages. This subset is stored as a (singly) linked list that branches from every link (state) in the main list. It expands as the stage advances, until it contains a full set in the last stage.
Procedure Validation
Given that an alternative for solving this type of problem does not exist, the most credible validation would be to compare the results obtained by M-PRAWDS to results obtained by exhaustively enumerating all possible combinations of rehabilitation strategies. However, the dimensionality of even a trivial network would render this course of action computationally prohibitive. Consequently, a three-pipe (one source node and two demand nodes) network with three rehabilitation alternatives (reline, replace with same diameter, replace with one larger diameter) was used for validation. It should be noted that even for this small network the solution space is in the order of magnitude of • In the first restricted enumeration scheme, pipe parameters were assigned so that the replacement cycles were long enough to ensure no more than one rehabilitation per pipe per analysis period.
This scheme reduces the number of combinations to (R • H+1) p or about 800,000. A total of 144 scenarios were enumerated in this manner consisting of random combinations of pipe parameters with analysis time horizons of 30 or 40 years. Subsequently, M-PRAWDS was applied to the same 144 scenarios. Comparison of the results of the two processes revealed that (a) of the 144 scenarios, 122 least-cost solutions identified by M-PRAWDS were identical to those identified by this enumeration scheme; and (b) in the remaining 22 scenarios, the same pipes were identified for optimal rehabilitation, with slight differences in scheduling (up to one year) in one or more of the pipes, due to the precision and rounding-off of the hydraulic calculations. It was thus confirmed that under the stated restrictions of the first enumeration scheme (i.e., one rehabilitation per pipe per analysis period and all the assumptions in the cost calculations) M-PRAWDS appeared to be capable of identifying the least cost rehabilitation strategy.
• The second restricted enumeration scheme allowed for the consideration of more than one rehabilitation measure per pipe per the analysis period; however, it did not allow more than one rehabilitation measure per timestep. In this scheme, the total number of combinations is (Rp+1) H .
The 3-pipe system was enumerated for the same three rehabilitation alternatives, and for an analysis period of 32 years divided into 8 timesteps of 4 years each. This brought the number of combinations to 10 8 . Several scenarios were enumerated in this manner and the results compared to those obtained by M-PRAWDS. The comparison demonstrated that under these restrictions M-PRAWDS appears to be capable in identifying the least cost combination. In addition, some of the replacement pipes' parameters were deliberately selected to represent rapidly deteriorating pipes. This selection imposed two pipe replacements (in some of the scenarios) during the analysis period. When the second replacement occurred, it was consistently T ** years after the first replacement. This appeared to validate the concept of the optimal replacement cycles (where the least cost timing of the second replacement of a pipe is T ** years after the first replacement).
Furthermore, in some scenarios, where pipe relining was part of the optimal solution, it was subsequently replaced by the same diameter pipe at the respective MCRT. This appeared to validate the concept that pipe replacement (at year T * ) will follow the initial relining of the pipe under certain conditions.
In addition, M-PRAWDS was also compared to existing analysis practices in the following manner.
A hypothetical distribution system was prepared (12 pipes, 8 demand nodes and one source node)
including network layout -see Figure 9 , pipe characteristics, pipe history, costs, etc. The source node (node #1) is an elevated tank with a minimum water level of 25m above grade. The demand flows are peak demands and are assumed unchanged throughout the analysis period. The minimum residual head required at each node (except the source node) is 35m.
Figure 9. Distribution network for comparison to existing analysis practices.
The data for the existing pipes was based upon typical data obtained from the distribution system in Pressure District 5S of the City of Scarborough, in Ontario. This sample was sent to six water utility managers in Southern Ontario willing to participate in the experiment. The participants were required to apply their existing analysis and decision making methods to devise an optimal rehabilitation strategy (ORS) while conforming to the stated hydraulic constraints. The respective results were then compared to the results obtained by applying M-PRAWDS to the sample system.
A direct comparison on an equal basis of all ORSs was not possible due to the fact that most participants made additional assumptions necessary for their respective analysis processes, and some deviated from the guidelines and constraints. The following was noted:
None of the participants considered repair costs after pipe replacement, even when recommending an immediate replacement.
Four out of six participants failed to consider or under-estimated the deterioration in the hydraulic capacity of the existing pipes. The other two participants neglected the hydraulic deterioration of the replacement or relined pipes.
Four out of six did not explicitly consider the economics of replace versus continue to repair. The other two participants made assumptions that resulted in projected breakage rates far below those predicted by the exponential model.
One participant used a point scoring system to prioritise pipes for replacement, but the replacement timing was not determined.
The survey results clearly demonstrated that the state of the practice in planning the renewal of water mains lacks rigour and that M-PRAWDS offers significant advantages in (a) its ability to explicitly consider the deterioration over time of both the structural integrity and the hydraulic capacity of the pipes in the water distribution network, (b) its ability (by considering rehabilitation cycles to infinity) to compare projected cost streams that are independent of the selected analysis period, (c) its ability to consider the economics and performance of the entire network while regarding each pipe as a separate entity with its own characteristics and parameters, and (d) its ability to determine each rehabilitation action, not only by the current state of the system but by future rehabilitation actions as well, by continually considering the entire analysis period.
Computer Program Performance
M-PRAWDS reduces the dimensionality of the problem significantly. The following are the results of some test runs performed on the 12-pipe network (Figure 9 ) using a 500 MHz Pentium III PC.
The total enumeration of this network, with 3 rehabilitation alternatives and 1 year timestep (30 year planning horizon) is ~5.5 . 10 216 . For comparison, if we could examine one trillion alternatives per second, it would take one century to examine "only" ~3 . 10 21 alternatives. M-PRAWDS solved this network in 32 minutes. The dimensionality and run-time of the problem can be reduced by using longer timesteps. Figure 10 illustrates the run-times for various timesteps. The total cost of the optimal solution is seen to decline as the timestep increases in length. This may, at first glance, seem counter-intuitive, because longer timesteps would be expected to result in a less accurate (thus a higher cost) solution. However, M-PRAWDS checks for hydraulic integrity only on transition from one stage to the next, and if TMP is reached in a stage, the network is upgraded in the next stage.
Thus, when using long timesteps, network upgrade can be delayed, resulting in lower costs but at the same time the hydraulic integrity of the network may be breached towards the end of the stage. It is possible to reduce total run-time by using a long timestep to filter out improbable states and then running the system with a short timestep and a reduced set of alternatives for the final results.
M-PRAWDS run-time is also affected by the network's minimum allowed pressure, as illustrated in Figure 11 . The lower the minimum pressure allowed, the later TMP and the more states have to be evaluated at each stage. This has a dramatic effect on the run-time. Of course, things could even be more complex if a booster pump was to be considered as an alternative, but this is beyond the scope of M-PRAWDS in its current form. 
Discussion
PRAWDS assumes an exponential increase in pipe breakage rate over time. The parameters for the exponential function are derived by regression analysis on an individual pipe basis, which may present a problem in pipes that had few or no breaks. Some bundling or grouping of pipes may then be necessary.
The assumption of identical replacement cycles to infinity presents a limitation in the methodology.
In urban centers experiencing a period of expansion, the design maximum flow in a given pipe may increase substantially over a period equal to T ** of the pipe. Consequently, it is reasonable to assume that in many instances, while the initial pipe replacement would be implemented with a certain diameter pipe, subsequent replacements may be with larger diameter pipes. Furthermore, advancements in pipe material and operation and management techniques could allow for longer replacement cycles in the future. These uncertainties in the future performance of replacement pipes seem, however, to have relatively little effect on total cost values due to the typically long periods of time which result in deep discounting of future costs (Kleiner, 1996) . Further, it is possible to rederive equations (1) and (2) introduced by Kleiner and Rajani (2000) , however, this method has not yet been incorporated into M-PRAWDS.
An alternative to address the uncertainties in the future conditions is the manner in which M-PRAWDS is implemented in practice. The optimal rehabilitation strategy (ORS) obtained by M-PRAWDS for the entire analysis period may be divided into a short-term segment (comprising say, three to six years) and the long-term segment comprising the rest of the analysis period. The rehabilitation measures depicted in the short-term segment would then be considered for actual implementation. Towards the end of the short-term segment, M-PRAWDS is reapplied to the water distribution network, utilizing up-to-date data pertaining to pipes as well as demand flows. A new and revised ORS is then obtained, which again is divided into a short-term and a long-term segment, and so on. Factors such as economies of scale and pipe replacement scheduling in conjunction with other public works (e.g. road renewal) could also be considered in this way.
M-PRAWDS can be applied with various size timesteps. In general, the shorter the timestep, the more likely the results are to be closer to the true minimum cost solution, but the longer it would take to arrive at this solution. Consequently, running the system with longer timesteps could be useful to screen out inferior alternatives, thus reducing runtimes of shorter timesteps.
Although M-PRAWDS considers infinite replacement cycles, the system is not guaranteed to be in a steady state hydraulically (the hydraulic capacity is assured only for the analysis period).
Consequently, the issue of residual hydraulic capacity should be considered. The residual capacity of a system can be determined by applying M-PRAWDS with increasingly longer time horizons (H).
Experience shows, however, that the impact of residual capacity considerations is typically not great because it is discounted by H years (typical values of H are 30 to 60 years) and because it is diminished by the infinite stream of replacement cycles.
The sensitivity of M-PRAWDS to the discount rate was examined as well. Generally, the lower the discount rate, the sooner the MCRT and the shorter the replacement cycle of each pipe.
Consequently, implementation times arrive sooner. Nevertheless, it appears that the infinite replacement cycles approach has a buffering effect that reduces the sensitivity of M-PRAWDS results with respect to the discount rate.
Energy costs are not explicitly considered in the proposed methodology (PRAWDS) because evaluating the cost of energy in a system over an analysis period which is typically 30 to 60 years, involves numerous extended time simulations that would make the model computationally prohibitive. This omission of energy costs is discussed at length in Kleiner et al. (1998a) where it was explained why in most practical cases this might not be a significant limitation.
It appears that M-PRAWDS is not fast enough to solve a network with, say, more than 20 links, as the dimensionality of the problem increases very fast with the number of pipes. Consequently, a more efficient procedure for combinatorial space search would be required in order to apply PRAWDS to a larger system. Random search heuristics such as genetic algorithms or tabu-search may be useful although they do not guarantee global minima.
Summary and Conclusions
The long term planning of the rehabilitation and upgrading of a water distribution system involves the selection of an appropriate rehabilitation measure for each pipe in the network and the implementation timing thereof, all the while maintaining adequate supply pressures in the system.
Finding an optimal strategy requires identification of a minimum cost solution in a vast combinatorial (and not 'well behaved') solution space. This paper outlines research performed to address this need. The network economics and hydraulic capacity are analyzed simultaneously over a pre-defined analysis period, while explicitly considering the deterioration over time of both the structural integrity and the hydraulic capacity of every pipe in the system.
A pipe cost function was developed that considers an infinite time stream of costs that is associated with infinite rehabilitation cycles for every pipe. A multistage procedure (M-PRAWDS) was developed based on a dynamic programming approach combined with partial and (sometimes) implicit enumeration schemes. This multistage procedure can identify an optimal rehabilitation strategy for the water distribution network.
A computer program was written for the application of the method. The dynamic nature of the data during interim processing required a unique data structure comprising link lists that are branching from doubly linked lists.
The advantages of M-PRAWDS are (a) its ability to explicitly consider the deterioration over time of both the structural integrity and the hydraulic capacity of the pipes in the water distribution network, (b) its ability (by considering rehabilitation cycles to infinity) to compare projected cost streams that are independent of the selected analysis period, (c) its ability to consider the economics and TMP time of minimum pressure (defined in Figure 5) MCRT minimum cost replacement timing (see also T ij * )
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